Nanotechnology in general and as it relates to drug delivery in humans has been reviewed in a two-part article, the first part of which is this paper. In this paper, nanotechnology in nature, history of nanotechnology and methods of synthesis are discussed, while also outlining its applications, benefits and risks. Nanotechnology is an industrial revolution, based on integration of disciplines that could change every facet of human life. Some examples of changes brought about by reduction in particle sizes to the physical, chemical and biological properties of substances, compounds and drug products have been cited. The benefits of nanotechnology are enormous and so these benefits should be maximized while efforts are made to reduce the risks.
INTRODUCTION Definition
Nanotechnology can simply be defined as the technology at the scale of one-billionth of a metre. It is the design, characterization, synthesis and application of materials, structures, devices and systems by controlling shape and size at nanometre scale 1, 2 . It is the ability to work at the atomic, molecular and supramolecular levels to create and employ materials, structures, devices and systems with basically new properties 3 . Scientifically, nanotechnology is employed to describe materials, devices and systems with structures and components exhibiting new and significantly improved physical, chemical and biological properties as well as the phenomena and processes enabled by the ability to control properties at nanoscale 4 . Materials exhibit unique properties at nanoscale of 1 to 100 nanometre (nm). The changes in properties are due to increase in surface area and dominance of quantum effects which is associated with very small sizes and large surface area to volume ratio 5 .
There are several examples that illustrate this. Copper which is opaque at macroscale becomes transparent at nanoscale 6, 7 while platinum which is inert becomes a catalyst at nanoscale 8, 9 . Otherwise stable aluminium is combustible 10, 11 while known insulator, silicon, becomes a conductor at nanoscale [12] [13] [14] . The properties of gold at nanoscale is quite significant depending on the size of the nanoparticles with melting point ranging from 200 to 1068 o C ; colour from yellow to blue, violet, pink, red; and ability to catalyze [15] [16] [17] [18] .
The quantum effects at nanoscale determine a material's magnetic, thermal, optical and electrical properties. It is expected generally, that products at nanoscale will be cheaper due to less quantity of materials utilized.
Nanotechnology in nature
Nature has enough evidence of nanotechnology, based on its ability to work at the atomic, molecular and supramolecular levels. The mechanisms of the biological and physical world operate mainly at the range of 1 to100 nm. The diameter of a hydrogen atom is about 0.1nm which is too small to be seen with human eyes. A molecule (such as water molecule) may be made up of 20 to 30 atoms and has a diameter of about 1nm. The width of a DNA molecule is about 2.5nm, a typical protein is between 1 to 20nm and ATP biochemical motor is 10 nm in diameter 19 .
The human hair is about 10, 000nm thick while human cells range from 5,000 to 200, 000 nm in size. Although this is larger than nanoscale, the viruses that attack human cells fall within 10 to 200nm, which is within the nanometre region 20 . Nature is the ultimate in nanotechnology, producing nanostructures that offer functional proteins and many other compounds at cellular level of great significance to life on earth. It is thought that one of the functions of proteins and compounds that exist at cellular level is that of nanotechnological separations. Biological systems are thought by some scientists to have come about through a process of dynamic self-assembly comprising separation and compartmentalization of many substances into the desired pattern or device 21 . Some biological systems contain nanosystems that are devoted to specific functions such as locomotion, where actin moves along myosin and kinesin moves along microtubules 21 . . Photosynthesis is carried out in green plants by cells of nanosize, which employ energy to synthesize organic compounds by using cheap raw materials they pick up.
The wonder of how a wall gecko is able to hang upside down is due to the millions of nano hairs on each toe. Each hair grips the ceiling with a miniscule force 23 . Moths' eyes are antiglare and antireflective due to nanotechnology which helps to reduce easy predation on them while the colours on butterfly wings are due to light being bounced off nanoscale layers in the structure of the wings 23 . Nature depicts how soluble molecules that are able to recognize and bind to specific materials can be used to shape and control the growth of crystals and other nanostructures. This can be typified by the way macromolecules govern self-assembly of biominerals or the action of antifreeze proteins in slowing down the growth of ice crystals or promoting their nucleation 24 . Sufficient knowledge and insight into the principles of natural systems would enhance the design and fabrication of man-made nanostructures that may mimic the functions of natural systems. For instance, biomolecules such as proteins, peptides, DNA, lipids and carbohydrates can act as templates -their shapes and chemical properties can be employed -to arrange inorganic substances such as metals on nanoscale 25 .
Research
presently seeks systematic approaches to fabricate man-made objects at nanoscale and to incorporate nanostructures into macrostructures as nature does 3, 19, 23 . Such approaches and concept -which may differ from the living systems in aqueous medium -as self-assembly, templating of atomic and molecular structures on other nanostructures, interaction on surfaces of various shapes, self repair and integration on multiple length scales may be utilized as models 3, 19 .
History of nanotechnology -Is it new?
The platform for nanotechnology is believed by many workers in the field of nanotechnology to have been laid by Richard Feynman, a physicist at California Institute of Technology, in an after-dinner speech in 1959 titled, "There is plenty of room at the bottom", at the American Physical Society's Winter Meeting of the West 2,4, 6-30 . Feynman is known to have explored the possibility of manipulating materials at the scale of individual atoms and molecules, imagining the whole of the Encyclopaedia Britannica written on the head of a pin and foreseeing the increasing ability to examine and control matter at the nanoscale 26 . Feynman is stated to have noted that the capabilities of atom-byatom assembly and nanoengineering could lead to new materials and pathways similar to the biological system 27 . He presented a technological vision of miniaturization of materials, manipulating and controlling things on a small scale called "Nanotechnology". He visualized a technology using a toolbox of nature to build nano-object, atom by atom, and molecule by molecule 30 . The words 'nanoscale, nanoengineering, nanotechnology and nano-object in the references above have become the modern concept of Feynman's speech. In his speech, Feynman used words such as small scale, small things and miniaturization 31 . Junk and Riess 32 , discussing the historical background of Feynman's speech, the state of the art in 1959 and Feynman motivation, considered the attribution of nanotechnology to Feynman as misleading and asserted that Feynman only wished to construct microbiological machines and tools which would assist scientists in mimicking microbiological materials.
Feynman in his speech offered two prizes, one for miniaturizing the printed page of a book and another for fabrication of a micromotor of predefined size. About two and half months after the speech, McLellan, in his spare time, built the motor and presented it to Feynman 32 . Junk and Riess, based on the above, perceived that Feynman was not aware of the actual state of contemporary technology as neither new tools nor new techniques were required for one of his prizes 32 His motivation they stated, was based on discussion with one of his friends, Phillip Morrison. The authors concluded by saying "Feynman neither entered an entirely new field, nor did he use his own mental images, nor was he adequately informed about the contemporary state of the art in engineering technologies. Instead he presented some fascinating ideas in order to promote the advancement of certain areas of science and development." It can therefore be concluded that Feynman's interest was in the writing, storage and retrieving (reading) of information by miniaturization and his descriptions such as 4/10,000, 1/16 of an inch and 1/64 of an inch cube are of the microscale and not nanoscale.
Cortie 15 stated that miniaturization was a point that Feynman emphasized in his speech, which implied that it was not his idea. He stated that since 1800, after the pioneering studies of John Dalton, there had been intense study of the behaviour of individual atoms and molecules and their macroscopic aggregation.
Despite the hype around nanotechnology in recent years, it is not a new technology. The colour effect of butterfly wings was copied by the Romans about 1600 years ago. The glass cup known as Lycurgus cup in the British Museum, due to nanoparticles of gold and silver, looks jade green in natural light and an impressive red colour when a bright light shines through it 23 . In the manufacture of car tyres, carbon nanoparticles are included while the red and yellow colours seen at sunsets are due to nanoparticles in the atmosphere 32 . Indian craftsmen and artisans used nanotechnology to make weapons and long lasting cave paintings about 2000 years ago while studies found existence of carbon nanoparticles on the famous sword of Tipu Sultan (ancient ruler of the Kingdom of Mysore, India) and Ajanta paintings (one of Indians' cave paintings) 33 .
The first observation and size measurements of nanoparticles were carried out using an ultramicroscope by Richard Zsigmondy in 1902 34, 35 .
The term nanotechnology was first used in 1974 by Norio Taniguchi, a researcher at the University of Tokyo who used it to refer to the ability to engineer materials at nanoscale 4, 26 . In the 1980s, two inventions which enabled the imaging of individual atoms or molecules as well as their manipulation led to significant progress in the field of nanotechnology 4, 15, 27 . Gerd Binnig invented scanning tunnelling microscopy (STM) while Henrich Rohrer invented atomic force microscopy. In 1985, Fullerene C 60 was discovered by Kroto's and Smalley's research teams. Afterwards, in 1986, Eric Drexler began to promote and popularize nanotechnology through speeches and books -"Engines of creation: the coming era of nanotechnology" 4 . In 1991, Saumio Iijima discovered carbon nanotubes and by 2000, the United States government launched the National Nanotechnology Initiative (NNI -a Federal visionary research and development programme for nanotechnology-based investments through the coordination of 16 various US departments and independent agencies) and these paved way for the progress in research and development in the field of nanotechnology 4, 27, 36 .
Method of synthesis
There are basically two approaches for the synthesis of nanostructures, irrespective of the field or discipline: 'Bottom-Up' approach and 'Top-Down' approach.
'Bottom-Up' approach
The building of nanostructures is achieved by growing or assembling of atoms or molecules which are the building blocks. The building blocks may be manipulated through controlled chemical reactions to selfassemble and make nanostructures such as nanotubes and quantum dots 30 . Atoms or molecules may also be physically manipulated to form nanostructures using minute probes 37 . Self-assembling of atoms or molecules can be achieved by templating and non-templating 38 . Templating involves the interaction of biomacromolecules under the influence of a specific sequence, pattern, structure, external force or spatial constraint. For instance, non-ionic surfactants and block co-polymers are used as templates in the formation of nanostructures. Two dimensional hexagonal nanostructures formed by cylindrical amphiphilic polymeric micelles were used as templates to fabricate nanotubes of cadmium sulphide, a semiconductor 39 . Non-templating is the formation of nanostructures from atoms or molecules with external influence 38 . Self assembly lithography which is cost-effective and efficient is one technique that can be used to produce nanostructures below 100nm 30 . 'Bottom-Up' is considered to be an ideal approach for nanotechnology 40 . Bottom-Up unfolds almost unlimited possibilities in the design and construction of artificial molecular devices capable of performing specific functions upon stimulation with external energy input 41 . However, one of the challenges of the bottom-up approach is the random movement exhibited by atoms which has to be overcome 34 .
'Top-Down' approach
Bulk materials are reduced by some processes to form nanostructures. 'Topdown' is achieved by breaking, cutting or etching techniques 38 which is achieved by bulk or film machining, surface machining and mold machining employing lithography 30 . Bulk machining employs photolithography which applies the etching process while mold machining employs soft lithography. Other techniques are electron beam lithography, xray lithography and micro-electro-mechanical systems lithography 42, 43 . However, photolithography and related techniques have limitations of fabricating nanostructures of sub-100nm and so cannot be applied for nanostructures below 100 nm 41 .
Nanotechnology areas and applications
Nanotechnology, being an interdisciplinary field, has three main extensively overlapping areas: Nanoelectronics, nanomaterials and nanobiotechnology which find applications in materials, electronics, environment, metrology, energy, security, robotics, healthcare, information technology, biomimetics, pharmaceuticals, manufacturing, agriculture, construction, transport, and food processing and storage 1, 2, 4, [44] [45] [46] [47] [48] [49] [50] . Table 1 indicates some examples of nanotechnological applications.
Impact of nanotechnology
• Nanotechnology a wide technological platform for a varying range of potential applications. • The basic level of organization of atoms and molecules at which functions for man-made products and living things are defined can be manipulated by nanotechnology. • Nanotechnology is interdisciplinary and so it reverses the trend of specialization in specific disciplines. Thus it integrates all disciplines especially biomedicine, engineering and technology.
• It has broadened and changed manufacturing capabilities, which were more of bulk manufacturing, to include self-assembling and top-down approach.
• The speed and scope of research and development have been influenced by nanotechnology such that regulators Nanomaterials used to assess the quality of the soil and water, and determine the state of plants, food and other products. Nanomaterials
One-dimensional materials

Two-dimensional materials
Three-dimensional materials Thin films and layers used in waterproof fabrics and electronics.
Surfaces in fuel cells and as catalysts
Inorganic nanotubes such as molybdenum disulphide for catalysis and energy storage.
Nanowires such as silicon nanowires for data storage, electronic and optoelectronic devices.
Carbon nanotubes for sensors, electric current transmission and antistatic packaging.
Nanotubes as containment for hydrogen in hydrogen fuel cells
Biopolymers such as DNA molecules
Nanoparticles employed in cosmetics, textiles, paints, catalysis and drug delivery.
Fullerenes are carbon materials which are employed as lubricants, drug delivery vehicles and in electric circuits.
Dendrimers are polymeric molecules used in coatings and inks, for drug delivery and environmental remediation by trapping metals such as copper (II) which is then removed by ultra-filtration. Nanobiotechnology
Bionano-sensors
Biomimetic structures
Drug delivery
Tissue engineering
Combinations of enzymes and silicon chips implanted in humans or animals to monitor health and administer corrective doses of drugs.
Diagnosis of diseases, molecular imaging and drug delivery
New formulations for drug and gene therapies
Reproduction and repair of damaged tissues using nanomaterialbased scaffolds cannot meet up in assessment and environmental impact.
• Due to the vast areas of applications of nanotechnology, a number of governments such as U.S., Japan, China and Europe have deemed it fit to invest in nanotechnology.
• Nanotechnology is currently one of the main propellant for technological, economical change and industrial competitions 51
Benefits of nanotechnology
Based on its broad sectors of applications, nanotechnology has numerous benefits globally both in developed and developing countries:
• Creation of new products and improvement on existing products. • Availability of stronger, tougher and lighter materials for construction and engineering. • Cleaner drinking water due to the creation of filters that can entrap organisms and toxins. • Cleaner environment through remediation to remove pollutants from the environment • Improved healthcare by fabrication of devices and drug delivery systems for better monitoring, diagnosis and treatment of chronic diseases.
• Improvement on transport systems • Cheaper and clean energy In summary, based on integration of disciplines, nanotechnology is an industrial revolution that may change every aspect of human life.
Risks of nanotechnology
Despite the great potentials of nanotechnology, its safety in humans, animal and plants, and effects on the environment are of concern. Also, military application is of concern as chemical weapons fabricated from nanoparticles will be more deadly than present chemical weapons. This is due to the fact that the smaller a particle, the greater its impact either positively or negatively. Some nanoparticles show increased toxicity due to their increased surface area 52 . Studies have shown carbon nanotubes to be cytotoxic and to induce granulomas in lungs of laboratory animals. Also, metals and metallic oxide nanoparticles such as copper, cobalt, titanium oxide and silicon oxide have inflammatory and toxic effects on cells 52 . However, studies and debates are going on about the benefits and risks of nanotechnology [53] [54] [55] .
Optimistically, the benefits of nanotechnology are enormous and so studies which include the health, environmental, ethical and safety issues should indicate how to maximize the benefits and reduce the risks. Macro-and microtechnologies had their risks, yet the benefits were accepted.
NANOTECHNOLOGY IN DRUG DELIVERY
Some of the challenges of most drug delivery systems include poor bioavailability, in vivo stability, solubility, intestinal absorption, sustained and targeted delivery to site of action, therapeutic effectiveness, side effects, and plasma fluctuations of drugs which either fall below the minimum effective concentrations or exceed the safe therapeutic concentrations. However, nanotechnology in drug delivery is an approach designed to overcome these challenges due to the development and fabrication of nanostructures at submicron scale and nanoscale which are mainly polymeric and have multiple advantages.
Generally, nanostructures have the ability to protect drugs encapsulated within them from hydrolytic and enzymatic degradation in the gastrointestinal tract; target the delivery of a wide range of drugs to various areas of the body for sustained release and thus are able to deliver drugs, proteins and genes through the peroral route of administration [56] [57] [58] . They deliver drugs that are highly water insoluble; can bypass the liver, thereby preventing the first pass metabolism of the incorporated drug 59, 60 . They increase oral bioavailability of drugs due to their specialized uptake mechanisms such as absorptive endocytosis and are able to remain in the blood circulation for a longer time, releasing the incorporated drug in a sustained and continuous manner leading to less plasma fluctuations thereby minimizing side-effects caused by drugs 59 .
Due to the size of nanostructures, they are able to penetrate into tissues and are taken up by cells, allowing efficient delivery of drugs to sites of action. The uptake of nanostructures was found to be 15-250 times greater than that of microparticles in the 1-10µm range 61 .
Through the manipulation of the characteristics of polymers, release of drug from nanostructures can be controlled to achieve the desired therapeutic concentration for the desired duration. For targeted delivery, nanostructures can be conjugated with targeting moieties such that the linkage between the polymer and the active substance can be manipulated to control the site and duration at which the drug is released. The linkage may be achieved by incorporation of amino acids, lipids, peptides or small chains as spacer molecules 62 . Drug targeting is crucial in chemotherapy, where a drug delivery system can target only the malignant tumour while shielding the healthy cells from uniform distribution of chemotherapeutics in the body and their harmful effects.
The use of nanostructures such as polymeric nanoparticles is a non-invasive approach of penetrating the blood brain barrier for management of neurodegenerative disorders, cerebrovascular and inflammatory diseases 63, 64 .
Research and development of new drugs are capital-and time-intensive which requires that pharmaceutical companies, in addition, search for other means of meeting up with market demands. New drug delivery methods enable pharmaceutical companies reformulate existing drugs in the market. Nanotechnology is strategic in developing drug delivery systems which can expand drug markets. Nanotechnology can be applied to reformulate existing drugs thereby extending products' lives, enhance their performance, improve their acceptability by increasing effectiveness, as well as increase safety and patient adherence, and ultimately reduce health care costs 60, 65 . Nanotechnology may also enhance the performance of drugs that are unable to pass clinical trial phases 65 . It provides drug delivery carriers, as well as treatment and management of chronic diseases which include cancer, HIV/AIDS and diabetes.
CONCLUSION
The interdisciplinary nature of nanotechnology enables diversification and development in order to improve quality of life. Scientists in various fields such as engineering, material science, food, biomedical sciences, environmental sciences, agriculture, energy and information technology should be abreast with and employ nanotechnology, as appropriate, for the advancement of research and development. Furthermore, nanotechnology is a technology that every government (including developing nations) should invest in to bring about improvement in sectors such as healthcare, water, agriculture, energy and environment.
